Abstract. Several illustrations are given of the applicability of the Finite-Difference Time-Domain (FDTD) method to photonic crystal structures. An intuitive method for calculating the band gap of a two-dimensional photonic crystal is demonstrated. For waveguides in such a crystal, the dispersion and the coupling efficiency to a conventional dielectric waveguide are determined. The time-evolution of the field distribution in systems consisting of a cavity coupled to a crystal waveguide, as well as the transfer function of such a system are calculated. Diffraction losses, which can severely affect quasi two-dimensional photonic crystal structures, are modeled using a quasi one-dimensional structure, a dielectric slab waveguide in which a deep grating (a quasi-one-dimensional photonic crystal) of finite length has been etched. After calculating the reflection and transmission spectra, the diffraction loss spectrum is easily determined. The simultaneous availability of both the electromagnetic field distribution throughout the structure and the spectra makes it possible to identify these losses as a function of wavelength. Although the FDTD puts strong demands on computer resources which now limit its use on personal computers to two-dimensional and rather small three-dimensional applications, we believe that the continuing increase in computer performance will soon make the method workable for 3D-calculations on structures of practical interest, using low-cost computers.
INTRODUCTION
Several methods have been used for calculating the properties of photonic crystal structure. In many cases, these methods employ a super-cell approach, in fact modeling a structure that extends periodically into infinity. Examples are plane-wave expansion methods and the Finite-Difference Time-Domain (FDTD) method. An overview of applicable methods can be found in [1] . The periodicity of the modeled structure does not always fit well with realistic finite-sized structures. On the other hand, a well-known and very efficient tool that is used extensively in integrated optics, the Beam Propagation Method [2] , is of little use for photonic crystals. It will fail in its usual embodiment when applied to strongly scattering structures, since presumptions are made on the propagation direction of the waves. In many cases, the FDTD with non-periodic absorbing boundary conditions can be applied in a way that supports intuitive understanding of the electromagnetic phenomena.
The FDTD method is a very general method for calculating electromagnetic field distributions in structures of arbitrary geometry. It can be very accurate since it is based on a direct discretization of Maxwell's equations, making no assumptions on the kind of solution or the propagation direction of waves. Starting from a given field distribution, driven by sources at given locations, the time-evolution of the electromagnetic field is calculated over a given spatial domain. This makes it a tool that is suitable for investigating complicated wave phenomena, like multiple scattering, providing results that can be relatively easily interpreted. Another advantage of the FDTD is, that it provides results for a large range of frequencies in a single run, by applying a pulsed start field and Fourier transforming the response. For these reasons, it is well suited for modeling photonic crystal structures.
In the remainder of this introduction, we will very briefly summarize the FDTD algorithm and a very efficient kind of absorbing boundary conditions, the Perfectly Matched Layers (PML's). In the following sections, several applications of the method will be shown: determining the photonic stop band of a finite-sized crystal using a dipole radiator; calculating the dispersion of a waveguide formed by a line-defect in a photonic crystal (we will call it a "crystal waveguide" for brevity), by interpreting the standing-wave pattern arising from back-reflection into the waveguide; calculating the coupling efficiency between such a waveguide and a dielectric slab waveguide; calculating the transfer function of a cavity coupled to a crystal waveguide; and calculating the transmission, reflection, and diffraction loss spectra of a deep grating etched into a planar slab waveguide.
The Finite-Difference Time-Domain Method
The FDTD is a direct discretization of Maxwell's differential equations, where the differentials are replaced by finite differences. A well-known, efficient implementation is based on Yee's mesh [3] , where the electric and magnetic field components are evaluated at different grids having the same pitch, but which have been shifted over half a grid spacing, both in space and in time. This is illustrated in the 2-dimensional case for TE waves (electric field in the plane of calculation) in Fig. 1 , where for example H z (x,y,t) is calculated from its previous value H z (x,y,t-∆t) and the surrounding electric-field components E x (x,y+½∆y,t-½∆t), E x (x,y-½∆y,t-½∆t), E y (x+½∆x,y,t-½∆t), and E y (x½∆x,y,t-½∆t), half a time step earlier; and the next E x -value, E x (x,y+½∆y,t+½∆t) is calculated from its previous value E x (x,y+½∆y,t-½∆t) and only two surrounding H z -values half a time step earlier, H z (x,y,t) and H z (x,y+∆y,t). The half step sizes have been introduced for obtaining accurate approximations of the derivatives; the algorithm proceeds with full step size. A very detailed and practical overview of the FDTD method is given in the book by Taflove [4] . 
Boundary Conditions
In order to obtain a finite-sized calculation, the number of grid points should be finite. At the spatial boundaries of the calculation domain, the electromagnetic field should satisfy conditions such, that the space outside this domain is modeled in a desired way, e.g. a non-reflective continuation of the structure inside the calculation window, or free space.
In the case of a free-space continuation, the boundary should behave as a point of no return: energy crossing the boundary should never return inside the calculation window. An extremely naive and erroneous approach would be to force the electric field to be zero at the boundary. In that case, however, the boundary condition is that of a perfect conductor, which, of course, leads to total reflection. A somewhat better approach is to have a layer of absorbing material along the boundary, e.g. by introducing a non-zero conductivity in those regions. Although this will reduce the reflection, it is far from perfect since any discontinuity at an interface between different materials will lead to a non-zero reflection coefficient. The situation can be improved by gradually increasing the absorption toward the outer edges of the window.
The best known solution is due to Bérenger, who realized that the reflection coefficient at an interface is determined by the contrast across the interface of the intrinsic wave impedance, which is equal to (µ/ε) ½ for non-conducting materials. Losses in materials can be modeled by giving complex values to ε or µ. In the so-called Perfectly Matched Layers (PML's) [4, 5] which were introduced by Bérenger, both ε and µ are made complex at the same time, in such a way that their proportion remains constant. Equivalently, a complex conductivity σ can be introduced. In this way, the absorption can be gradually increased toward the edges of the window without any change in wave impedance, and thus without introducing reflections. For real-life materials, this property may be quite hard to accomplish, but mathematically it is a simple operation.
It should be noted that the correct termination of a periodic structure (e.g. a photonic crystal) takes some care. The absorption in the PML's should increase quite gradually toward the outside, in order to preserve the interaction between neighboring crystal pillars or holes.
BAND GAP CALCULATION
Although other methods are available that can provide much more detailed information on the band structure of an unbounded photonic crystal [1] , a very intuitive method is available with the FDTD. It has the advantage of being readily applicable to structures of finite size and arbitrary shape. This method checks for the existence of stop bands in a given wavelength range by calculating the transmission from a point source through the crystal over an angular range covering the reduced Brillouin zone (45 o for a square lattice), see Fig. 2 . Since the source is pulsed, it covers a range of wavelengths. The Fourier transforms of the transmitted waves have been superposed in Fig. 2b , revealing a clear stop band. 
CALCULATING WAVEGUIDE DISPERSION
Waveguides can be defined in 2-D photonic crystals by introducing a line defect, for example, by removing a row of high-index pillars from a square-lattice photonic crystal, as shown in Fig. 3a . An important waveguide property is the refractive index of the modes it supports, and the wavelength-dependence of this index, its dispersion. These parameters can be easily calculated for a single mode waveguide by using the FDTD for determining the standing-wave pattern arising from forward and backward propagating waves in a reflectively terminated waveguide.
Wavelength (µm) Phase index Group index Figure 3 . Calculating the effective index dispersion of a waveguide in a photonic crystal. The waveguide ends inside the crystal, so that an incoming wave is totally reflected (a). By observing the wavelength of the resulting standing wave pattern, the effective (phase) index and from that, the group index can be calculated (b).
From the wavelength of this standing wave, its phase velocity, and hence its effective (phase) index N e follow immediately. This index being smaller than one (lower trace in Fig. 3b ) signifies a phase velocity larger than the speed of light, just as in a conventional waveguide consisting of parallel conducting plates. Perhaps more interesting is the group index N g , which is the effective index of the Bloch mode propagating in the waveguide. It can be calculated as N g = N e − λ=dN/dλ. It is shown in the upper trace of Fig. 3b , and, as should be expected, it is larger than one.
WAVEGUIDE COUPLING
A problem of practical importance is coupling light into a photonic crystal waveguide. As an example, we calculate the coupling efficiency between a dielectric slab waveguide and a crystal waveguide, as shown in Fig. 4a . Important parameters controlling loss in any waveguide coupling design are modal field mismatch and effectiveindex mismatch (leading to Fresnel reflection). A variation of the width of the slab waveguide brings about changes in both its effective index and its modal-field distribution. The effect of the thickness variation of a SiO 2 slab waveguide (n = 1.45) coupled to a waveguide in a photonic crystal made of Si pillars (n = 3.4) can be seen in the graph of coupling loss versus slab width, showing a clear optimum (Fig. 4b) . Further optimization might be done, again using the FDTD, by varying other parameters, e.g. the distance between the mating waveguides (which is negative when the slab protrudes into the crystal waveguide), or tapering any of the waveguides. 
RESONATOR COUPLED TO WAVEGUIDE
Optical wavelength filters and add-drop multiplexers are key components in wavelength division multiplexed (WDM) optical communication systems. Although successful attempts have been made to reduce the size of such devices through clever design and increasing the refractive index contrast, e.g. [6, 7] , they tend to be large. Resonator structures, which are well suited for miniaturization, are known to be useful as optical filter elements. Besides micro-ring resonators, e.g. [8] , photonic crystal devices have been raising a lot of attention, e.g. [9, 10] . A very simple approach, which is well-known from transmission-line theory, is coupling a resonating cavity to a straight waveguide in a photonic crystal [11] , as shown in Fig. 5a . The configuration is very similar to the parallelconnected, short-circuited waveguide stub in microwave engineering.
Inside the crystal band gap, the device has a periodic notch filter response, calculated using FDTD, as shown in Fig. 5b . The quality factor of the resonator, and hence the finesse of the filter, can be substantially improved by placing one additional high-index pillar in the entrance of the stub, which reduces the coupling strength between waveguide and cavity (Figs. 5c and 5d) .
TRANSMISSION, REFLECTION AND DIFFRACTION AT A WAVEGUIDE GRATING
Until now, the examples shown have been purely two-dimensional, i.e. the structure extends to infinity in the direction perpendicular to the plane of calculation. In reality, however, such structures do not exist, e.g., pillars are of finite length and need a support; holes can be etched only down to a certain depth in a layered material structure or in a thin membrane suspended in air. Modeling such quasi-2D structures requires full 3D calculations. At the current level of computer technology, such modeling requires either the use of a super computer or severely restricting the modeled volume.
In the framework of a European cooperation in the COST268 action, an example structure has been defined which allows 2D-calculation of loss due to diffraction out of the photonic-crystal plane. This quasi-1D structure consists of a slab waveguide in which a deep grating having a finite number of periods has been etched (Fig. 6a) . Details of the calculations, a comparison of the results obtained by other research groups employing various methods, and the effect of changing some of the structure parameters will be published elsewhere. Here, we concentrate on the field distributions obtained by using the FDTD. Since the objective of the study was to obtain spectral data, an extremely short pulse of 1 fs duration covering a broad wavelength spectrum centered at 650 nm, has been launched as a TE mode into the slab waveguide. Figure 6b shows the pulse at t = 175 fs after launching, just before impinging on the grating. The dispersion of the pulse (its duration is now much longer than the original 1 fs), due to the usual waveguide dispersion, can be clearly seen, the low frequencies leading the higher ones. Figure 6c shows the pulse interacting with the grating. Different frequency components are scattered in different directions, or (almost) fully reflected or transmitted. This process is best observed and interpreted by watching an animation of the field evolution, which has been made available on the internet [12] . Finally, the reflected and transmitted pulses have been Fourier-transformed, in order to obtain their spectra. After normalization with respect to a pulse that has traveled through the a reference slab waveguide without a grating, the reflection and transmission spectra, shown in Fig. 6d , have been obtained. Since we considered lossless materials, the diffraction loss spectrum (also in Fig. 6d ) is easily obtained by subtracting the sum of reflection and transmission spectra from unity. 
DISCUSSION
The FDTD method has found relatively few applications in integrated optics, since many relevant structures can well be modeled using more efficient tools, like BPM. However, for structures showing strong back scattering or involving propagation in strongly varying directions, he FDTD can be a very useful tool, despite its calculation load. This load is directly proportional to the total number of grid points (x-steps × y-steps × t-steps), and, for example, calculating a grid of 1250 × 250 × 65000 points takes approximately 2 hours on an Athlon 600 MHz processor.
The results obtained by 2D calculations in the plane of a photonic crystal are only valid for structures extending to infinity perpendicular to this plane. Although that kind of calculations can give valuable qualitative information, quantitative results, especially concerning Q-factors of resonators, should be interpreted skeptically. Two-dimensional calculations in a plane perpendicular to the crystal plane can be used to estimate out-of-plane diffraction effects. If the calculations, then, are restricted to a wavelength range where such diffraction loss is low, in-plane 2D calculations might yield reliable results.
SUMMARY
After a brief introduction on the FDTD algorithm and absorbing boundary conditions using Perfectly Matched Layers, we presented a number of examples, demonstrating the wide applicability of the method to photonic crystal devices. These applications include calculating the band gap, waveguide dispersion and coupling efficiency, transfer functions of waveguides coupled to resonators, and diffraction losses in quasi 1-D structures. The validity of data from quasi 2D or 3D structures, obtained by 2D calculations, has been discussed.
